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This work presents the use of extended Modified Lambert Beer (MLB) model for accurate and
continuous monitoring of percent blood carboxyhemoglobin (COHb) (SCO) and oxyhemoglobin
(OxyHb) saturation (SO,) via a fitting procedure. This quantification technique is based on the
absorption characteristics of hemoglobin derivatives in the wavelength range of 520-600 nm to
give the best estimates of the required parameters. A comparison of the performance of the
developed model and MLB law is made using attenuation data from Monte Carlo simulations for
a two-layered skin model. The results revealed a lower mean absolute error of 0.4% in the values
estimated by the developed model as compared to 10% that is given by the MLB law. This study
showed that the discussed approach is able to provide consistent and accurate measurement of
blood SO5 and SCO across different skin pigmentations suggesting that it may potentially be used
as an alternative means for clinical diagnosis of carbon monoxide (CO) poisoning.
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1. Introduction

The concentration of carbon monoxide (CO) in
blood or carboxyhemoglobin (COHDb) is the key
parameter used to evaluate one’s CO toxicity level
after exposure to the flammable, toxic gas. The
elevated level percent of COHDb in blood to 60% can
prove fatal' as CO molecules, which have a higher
tendency to bind with hemoglobin, reduce the
concentration of oxygen bound to hemoglobin
(known as oxyhemoglobin (OxyHb)). The accurate
measurement of both of these parameters is, there-
fore, essential so that suitable oxygen therapy can
be administered in response to the different severity
of CO poisoning. Nonetheless the conventional
technique used for accurate measurement of percent
blood COHDb saturation (SCO) is limited to those
that involve collecting and analyzing blood sample,
which is impractical for continuous monitoring of
one’s blood CO level. Non-invasive and continuous
measurement of COHb can be provided by pulse
CO-oximeter but this device is shown to produce
large error in the estimated value of 14%.? Mean-
while, fast and non-invasive measurement of arterial
blood OxyHb saturation (SO5) can be provided by
pulse oximetry, but its high accuracy is limited to
SO, greater than 70%. Techniques that are able to
provide fast and accurate measurement of percent
saturation of oxygen and CO in blood are of sig-
nificant value, especially to individuals who are
occupationally exposed to incomplete combustion of
organic materials such as that of coal-fired power
plant operators and firefighters.

Although the absolute concentration measure-
ment of an absorber using signals from continuous
wave (CW) spectroscopy is only feasible if the path-
length of photons travelled in the medium is known,*
for example, using the measurement of temporal point
spread function of light traversing a scattering med-
ium, the percentage of hemoglobin components can be
deduced using light attenuation measured from CW
spectroscopy performed on skin.* The use of CW
spectroscopic technique allows the non-invasive
measurement of fractional concentration of an
absorbing component by means of fitting using either
analytic models or a library of data simulated using
Monte Carlo method or diffusion model.*> Amongst
the commonly used analytic models is Modified
Lambert Beer (MLB) law that assumes a linear re-
lationship between light absorption and attenuation.
In addition to the fitting method, the required

parameter is also commonly solved via simultaneous
solution of this linear model. The relationship between
light attenuation and absorption in blood is, however,
a nonlinear and multi-valued function owing to the
wavelength dependent scattering properties of
different skin layers. This results in poor accuracy of
the value estimated by the MLB. Other more complex
models such as power law model developed from
radiative transfer equation and cubic attenuation
model are designed to provide a more accurate esti-
mate of this value.*® However, their application is
limited. Besides, because of the high melanin absorp-
tion and high scattering of skin tissue at the visible
wavelengths, many of these workers preferred work-
ing with signals in the near infrared range.

This paper presents the use of an extended MLB
model to extract the percentage saturation of COHb
and OxyHDb via a fitting algorithm. The performance
of this model is evaluated using data given by Monte
Carlo simulations as actual fractional concen-
trations of absorbers are known. The focus of this
study is on signals measured across visible range as
this gives greater flexibility in the selection of
equipment during experiment, and this work aims to
estimate both blood SCO and SO, non-invasively
using data collected from optical spectroscopy per-
formed on skin surface without attempting to solve
fractional concentration of deoxyhemoglobin (Hb).

2. Methods

2.1. Mathematical model of skin and
light propagation simulations

Skin is a complex structure with inhomogeneous
distribution of tissues, capillaries and blood vessels.
Many previous studies have divided skin into three
distinctive layers, namely, epidermis, dermis and
subcutaneous layer. Recent efforts to obtain a closer
approximation to the actual skin include modeling of
skin as a nine layer medium having different optical
properties. In this work, a two-layered skin model
similar to that used in Yudovsky and Pilon” is
established, wherein the upper layer is an infinite slab
with a commonly reported thickness of 100 um®
supported by a semi-infinite bottom layer. These
upper and bottom layers are taken to be bloodless
epidermis and blood-rich dermis layers, respectively,
and are modeled to have the optical properties of the
corresponding medium. Subcutaneous layer has not
been considered in this skin model owing to the limit
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of light penetration depth of approximately 2 mm in
skin.? Even though the medium’s refractive index is a
wavelength dependent function, this variation is
small in the considered visible wavelength range,’
and so is assumed as n = 1.4 for both layers.

Since the thickness of the epidermis is consider-
ably lesser than that of the dermis, both of these
layers have the same wavelength dependent reduced
scattering coefficients. This is a result of the negli-
gible differences observed on the simulated data
when other scattering coefficients are used for epi-
dermis layer.'” The wavelength dependent p, values
used in this work in Fig. 1 are taken from the results
of Staveren et al.'' on intralipid 10% as the reported
wuh range and monotonic variation in p. with
wavelength are similar to that of biological tissues
presented in other works.'? Light absorption by
melanin in the assumed blood-free epidermis, p, , is
taken from Meglinski and Matcher,® wherein chan-
ges in ji, with wavelength, A (in nanometers), can
be approximated by®:

fa, =5 x 10°A7%% (mm™1). (1)

The epidermal absorption coefficient, My, 1S
given by the product of y, times volume fraction of
melanosomes in epidermis. The volume fraction of
melanosomes, fy.., ranges from 1-3% for a fair
skinned person and up to 40% for darkly pigmented
skin.'® The p, = values given from p, in Eq. (1)
and fy0 of 40% chosen here for demonstration
purposes are shown in Fig. 1.
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Fig. 1. Reduced scattering coefficients, u., and epidermal
absorption coefficients (1, ), absorption coefficients of OxyHb
(Bayopa)> Hb (1, ) and COHb (u,, ..)- Total hemoglobin
concentration is taken to be 268 y - mol - L.

Capillaries and blood vessels carrying hemo-
globin molecules absorb light in the dermis layer,
with blood OxyHb, Hb and COHb taken here as
three absorbers in this medium. The total light
absorption in the dermis, u, (A), is given by the
summation of the product of concentration, C, and
wavelength dependent extinction coefficient, (),
of each absorbing species (indicated by subscript
notation) as follows:

Pa, (A) = €0xytin(A) Coxytb + €mp (M) Ch,
+ €comn(A)Coomp- (2)

Given that T = COxyHb + CHb + CCOHb is the
total hemoglobin concentration, Eq. (2) can be
written as Eq. (3). Next, rearranging Eq. (3) gives
Eq. (4), wherein SO and SCO in Eq. (4) are blood
OxyHb and COHb saturation, respectively, given by:

. C1OxyHb
80, = ——,

_ CCOHb
SCO = T

Hay (A) = €0xyitb (A) Coxyrp + €comb(A) Ceomnp

+ & (M) (T — Coxym, — Ccomp), (3)
Hay, (A) = ((Eoxyrn(A) — €11 (A))SO2 + (ecomn (M)
—emp(A))SCO + em, (M) T (4)

Using the total hemoglobin concentration of
T = 268 i1 - mol - L~1, which is calculated from the
reported dermis blood volume fraction of 5%,'? and
the extinction coeflicient of different hemoglobin
derivatives reported by Zijlistra,'* the absorption of
each absorber in dermis layer is shown in Fig. 1.

The distinctive differences in the absorption of
hemoglobin components can be observed in the
wavelength range of 520-600nm in Fig. 1. The
quantification approach employed in this study
depends on this absorption spectra and a fitting
procedure that will be described in Sec. 2.2 to give the
best guess of the required parameters, so this paper
works with signals measured across this wavelength
range to find the value of SO, and SCO.

This work used attenuation data generated using
Monte Carlo simulation code described in Chang
et al.'” to verify the accuracy of value estimated by
the developed analytic model and to compare the
performance of the corresponding model with that
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of the MLB law. For each . value in the wave-
length range of 520-600 nm in Fig. 1, the behavior
of light propagate in the medium is simulated after
1 x 10% photons are launched normally into the
medium. Photons propagate with optical path-
length greater than 100 mm are discarded owing
to their low, if any, contribution to the overall
measured intensity. Since the skin is modeled in this
work as an infinitely thick medium, the simulation
data is derived from reflectance mode measurement.
The detection of photons is via an annular detector
with inner and outer detection radius of 2 mm and
4mm, respectively, from the light source. This
detector is placed directly at the skin surface.

For demonstration purposes, 16 arbitrarily
selected combinations of percent SO, and SCO, c,,
used to give dermis total absorption coefficient
shown in Eq. (4) are tabulated in Table 1, where the
subscript = represents the combination index. In
addition, an investigation of the consistency in the
performance of the developed model using data
measured from populations with different skin pig-
mentation is by considering f, .., of 2% and 40% in
this study. The effects of these dermal and epi-
dermal absorption are incorporated post simulation
into Monte Carlo simulated data according to
Beer’s law to speed up the simulation process.

2.2. Extended modified Lambert Beer
model and fitting procedure

The common practice employed in solving an
absorber’s fractional concentration value is by the
simultaneous solution of MLB in Eq. (5) or via the
fitting of data simulated from light propagation
model to the measured spectra.”'® This paper pro-
poses the use of an attenuation model extended from
MLB model (hence the name extended MLB) shown
in Eq. (6) to find the value of SOy and SCO in
Eq. (4) by means of fitting to the measured spectra

A(X) = Go + pady, (5)
AN) = Go + pady + GiA + Aexp(—p,dy).  (6)

Here p, represents light absorption. The first and
second terms in Eq. (6) are from the MLB
describing the light attenuation offset and absorp-
tion dependent light attenuation, respectively, with
the parameter d; normally taken to be “light path-
length”.

Since both scattering coeflicients and light
absorption by epidermis decrease approximately
linearly with wavelength in the considered wave-
length range in Fig. 1, this work assumed light
attenuation due to scattering process and light
absorption in the epidermis is represented by par-
ameter G\ in Eq. (6) so that p, in second and last
term of this equation is given from the absorption
by blood rich dermis expressed in Eq. (4). This
gives an expression of light attenuation as a func-
tion of blood OxyHb and COHb saturation in
Eq. (7) with the symbol Ae; and Aey in Eq. (7) is
given by oy (M) — em(A) and econn(A) — emn (M),
respectively. Meanwhile the exponential term is
included in this model to represent the light at-
tenuation as a complex function of dermal light
scattering, which is assumed to yield changes in
“light path-length”, d;, and absorption in the
dermis.

The value of SCO and SO, is found by fitting this
model to the simulated data using fminsearch
function in MATLAB. This optimization method
does not apply constraints to the value of these
fitting parameters but it will seek for a new value of
these parameters according to the size of error
between the value given from the employed analytic
model and the real attenuation, AFE, during each
iteration. This fitting process is terminated when
either the mean absolute AFE is less than 1 x 10720
or the iteration process has exceeded 1000, when the
optimal value of SCO and SO, is assumed to have
been obtained

AN
= GO + (AEl 802 —+ A€QSCO + SHb(A))dOT + G1>\
+ Aexp(—(Aeg; SOy + Ay SCO + ey, (A))dy T).
(7)

Table 1. Different combinations of percent blood OxyHb (SO,) and COHbD saturation (SCO), c,, to
give dermis absorption coefficients used in post Monte Carlo stage.

C

T C1 C €3 € C C C7

Cg C Cpp Ci1 C2 €3 Ca C5 Cip

SO, (%) 100 95 95 90 90 85 85
SCO(%) 0 3 5 5 10 10 15

80 8 75 70 65 60 55 50 45
10 20 25 30 35 40 45 50 55
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3. Results

The Monte Carlo simulated reflectance data for a
two-layered medium with optical properties descri-
bed in Sec. 2.1 are used here to compare the accuracy
of percent OxyHb and COHb saturation given by
MLB and extended MLB. The estimation of SO4 and
SCO value using MLB is presented here first. The
estimation begins by substituting p, in Eq. (4) into
i, in Eq. (5) to give an expression of attenuation as a

linear function of SO, and SCO. The fitting pro-
cedure described in Sec. 2.2 is then used to search for
the best estimates of these parameters using the
MLB. The difference between the actual and esti-

mated percent SO, and SCO value represented by
ASO, and ASCO, respectively, is defined as:

[
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—
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Fig. 2. Error in blood OxyHb saturation (ASO,) and blood COHD saturation (ASCO) given by MLB for different combinations of
SO, and SCO in Table 1 and when volume fraction of melanosomes (fy...q1) is (a) 2% and (b) 40%.
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in Table 1.
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where SO, . and SCOggy indicate that of the value
estimated by the employed model while the actual
percent SO, and SCO value listed in Table 1 are
symbolized by SO, . and SCO,cp. The ASO, and
ASCO given from the MLB against different com-
binations of SO,, . and SCO,cr in Table 1 and
at fome Of 2% and 40% are represented by symbol
“0” and “+4”, respectively, and plotted in Figs. 2(a)
and 2(b).

An investigation of the accuracy of the estimates
using extended MLB as compared to that of MLB is
by using the same reflectance data and fitting
method that are used to test the performance of the
MLB in Fig 2. The best guess of percent SO, and
SCO at different combinations in Table 1 given
from extended MLB in Eq. (7) is then used to cal-
culate ASO, and ASCO from Egs. (8) and (9), and
are plotted in Fig. 3.

4. Discussion

The comparison between the accuracy of values
estimated by MLB and extended MLB in Figs. 2
and 3 shows a higher error in the values given by the
MLB. The calculated mean absolute error is ap-
proximately 10% as compared to 0.4% that is pro-
duced by the extended MLB. This is likely due to
the linear and single-valued light attenuation and
blood absorption relationship that is assumed by
the MLB. Furthermore, light absorption by melanin
has not been considered in this model.

The error in the SCO and SO, value determined by
MLB in Fig. 2 is, in general, decreased with the
combination index shown in Table 1. Besides the
result also showed the consistent overestimation of
SCO and underestimation of SO, value at different
fvme and combination index. An investigation of the
attenuation spectrum of these SO, and SCO combi-
nations reveals that two hemoglobin peaks in the
considered wavelength range of 520-600 nm, which is
attributed to the unique absorption features of
OxyHbin Fig. 1, are apparent when SO, = 100% and
SCO = 0%. These peaks gradually diminished with a
decrease in SO, (or an increase in SCO). A possible
explanation of the observed error pattern is that the
MLB fails to sufficiently describe light attenuation
contributed by underlying absorption (by different
absorbers) and scattering processes, producing local
minimum of the function that is not globally optimal
during the fitting process when the hemoglobin peaks

are at their highest. Another interesting fact that can
be observed in Fig. 2 is the inconsistent magnitude of
ASCO given by the MLB as the f,., varied. This
could be due to the reason that an increase in epi-
dermal light absorption reduces the hemoglobin
peaks, which has the similar effect to that when the
percent blood COHb saturation increases, leading to
an inconsistent error in SCO given by the MLB for
measurement on different pigmented skin.

The considerably consistent error in the SO, and
SCO value estimated by extended MLB across
different volume fraction of melanosomes in Fig. 3
with the mean of their differences in absolute ASO,
and ASCO given by 0.03% and 0.056%, respect-
ively, implies that the effects of epidermal melanin
absorption on the measured attenuation are
reasonably accurately represented by the wave-
length dependent linear term in the developed
model in Eq. (7). Even though the exponential term
in this model is to account for inseparable effects of
light scattering and absorption in the dermis on the
measured signals, there is an overall slight under-
estimate of SOy and SCO values in Figs. 3(a) and
3(b) independent of f,,. value. This could be
resulted from the insufficiency of this model at
describing light propagation behavior in the dermis
layer of the skin model. These errors are, however,
considerably small (<+1%), suggesting the ability
of this model to resolve the light attenuation con-
tributed by the different absorption of the present
absorbers. Since this study worked with signals in
the wavelength range of 520—600nm, wherein the
variation in absorption characteristics of dermal
absorbers in Fig. 1 is most distinctive, the low errors
shown in Fig. 3 confirm the suitability of the cor-
responding wavelengths for quantification works
using the developed extended MLB. It should be
noted that the use of a narrower wavelength range
such as that of 520-580nm which contains the
corresponding absorption spectra variation will
produce the same result.

The viability of using extended MLB and the
described strategy to determine blood SO, and
SCO with reasonable accuracy indicates that this
can be a suitable means for fast and continuous
monitoring of one’s percentage OxyHb and COHb,
and in vivo experiment works are currently under-
way to confirm this. The technique described here
does not depend on the calibrated data as is
required in pulse oximetry and would be insensitive
to noise on signals in the measurement of SO, and
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SCO. Furthermore, the effects of light absorption
by melanin has been accounted for in this devel-
oped model, hence accuracy of the measurements
would not be compromised by differences in skin
color. This renders the discussed fitting technique
and model potentially to be used particularly for
CO poisoning diagnosis and treatment, or as a cost
effective health care tool used on power plant
workers and firefighters who are at risk of flam-
mable and toxic gas exposure.

5. Conclusion

This study demonstrates the use of extended MLB
law model for non-invasive and continuous moni-
toring of percentage saturation of oxygen and CO in
blood. This work concludes that accurate measure-
ment of these values can be obtained if the devel-
oped fitting model has sufficiently described the true
underlying light absorption and scattering pro-
cesses. In addition, wavelengths in the range of 520—
600 nm is shown to be suitable as working wave-
lengths for the estimation of blood SO; and SCO
using CW spectroscopic measurement data.
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